Introduction
Although smaller body size at birth has been associated with cardiovascular (CV) diseases in adulthood, [1] [2] [3] the underlying mechanisms remain poorly understood. Moreover, the reported associations of body size at birth with normal variation in the resting blood pressure (BP) level have been surprisingly modest. 4 Recent evidence from studies of adults suggests that smaller body size at birth could at least in women be linked to BP response to mental stress rather than to the resting BP. 5, 6 For example, Ward et al. 6 showed that for each increase in 1 kg in birth weight across normal range, systolic BP (SBP) response to mental stress in adulthood decreased by 9 mm Hg. This is important, because BP response to mental stress is a significant predictor of CV diseases. For example, men with exaggerated SBP response (420 mm Hg) had 72% higher risk of any stroke and 87% higher risk of ischaemic stroke compared with others. 7 Higher CV response to mental stress has also been associated with hypertension, 8 calcification in the coronary arteries 9 and increased left ventricular mass. 10 Atherosclerotic changes are evident already during childhood. 11 Yet, only few studies have investigated the effects of prenatal development on CV response to mental stress in children.
In addition to the magnitude of rise in CV response to mental stress, evidence also suggests that prolonged elevation of CV activity after the end of the stressor is an independent predictor of CV diseases. A study by Steptoe et al. 12 showed that increases in SBP and DBP over a 3-year period were predicted by impaired post-stress recovery 45 min after mental stress. Similarly, elevated BP values a few minutes after physical stress had ended, predicted the onset of hypertension 13 and risk for stroke. 14 Animal studies suggest that the tendency for prolonged BP elevation after stress may be programmed in utero. Prenatally malnourished rats, as compared with normally nourished rats, have elevations in BP that persist for 15 min after the stressor has ended. 15 Although mounting evidence among humans suggests that reduced growth during prenatal life is associated with the biology of stress response in adulthood, 16, 17 we do not know whether this phenomenon is the result of a slow post-stress recovery of BP.
We analyzed whether body size at birth predicts BP and indicators of autonomic or CV activity before, in response to and after mental stress in healthy children. Our main hypothesis was that smaller body size at birth is associated with elevated baseline CV activity, higher CV response to mental stress and slower CV recovery from mental stress. Owing to consistent sex differences found in studies in this field, 6, 18 we expected that the associations are particularly evident in girls.
Materials and methods

Participants
The children came from a random population-based urban cohort comprising initially 1049 mothers and their infants born in Helsinki Finland between March and November 1998. In 2006, children and their parents were invited to participate in a followup with a focus on individual differences in psychophysiological development; 958 (91.3%) mothers of the initial cohort agreed to be included in the follow-up, 922 (87.9% of the initial cohort) could be contacted. As one of the original study objectives was to examine the developmental consequences of maternal licorice consumption during pregnancy, the sample was weighed according to licorice intake of the mother during pregnancy. 19, 20 We invited all 89 children belonging to the group whose mothers consumed high levels of licorice during pregnancy; of these, 64 participated. Of the remaining children, we invited those who were still living in or close to the greater Helsinki area to manage travel costs. We invited 271 children whose mothers had consumed zero or low amounts of licorice, and 54 children whose mothers consumed moderate levels of licorice; 211 and 46 participated, respectively. Of the 321 children who agreed to participate in the follow-up, 299 participated in the stress study (72.4%). Three (1.0%) children refused to continue to the end, and an additional eight children (2.7 %) had to be disregarded because of dizziness affecting CV values. In total, 288 children participated in the entire experimental protocol.
Body size and gestational age at birth and characteristics in childhood We obtained weight (kg) and length (cm) at birth, date of birth and gestational age as confirmed by ultrasound before 20 weeks of gestation from birth records. Ponderal index was calculated kg m -3 . Birth weight and birth length were transformed into z-scores (birth weight and birth length s.d. scores) for gestational age and sex based on Finnish standards. 21 Alcohol (g week -1 ) and smoking (no vs yes) during pregnancy were self-reported by the mothers while still at the maternity ward. The socioeconomic status of the family was classified according to the self-reported occupation of the mothers in year 2006 (lower, 8%; middle, 32.4%; upper, 59.5%).
Protocol
The ethics committee of the City of Helsinki Health Department as well as the ethics committee of the Helsinki University Hospital of Children and Adolescents at the Helsinki and Uusimaa Hospital District approved the project. After each child and parent/guardian had provided their signed consent, the child's weight and height were measured, and impedance cardiograph electrodes and a non-invasive Vasotrac BP (MedWave Inc., Arden Hills, MN, USA) monitor were attached. The child completed a 5-min baseline recording in a standing position while watching a relaxing movie (the same for all subjects) next to the parent before undergoing the Trier Social Stress Test for children (TSST-C), which consisted of a speech task and a mental arithmetic task described in detail elsewhere. 22 The TSST-C produces a strong and reliable autonomic response, 23 which is mainly vascular and less cardiac. 18 After completion of the task, the children were led to another peaceful room to continue watching the relaxing movie started during baseline. After 13 min of watching the film, the child was asked to stand up. Of a total of 12 min of standing, the last 5 min were designated as the post-stress recovery period.
Physiological measures SBP, mean arterial pressure and diastolic BP (DBP) were monitored using Vasotrac APM205Aton-ometer. The Vasotrac performs well within the criteria set by the Association of the Advancement of Medical Instrumentation criteria when validated against intra-arterial measurement in a supine position in a paediatric sample, 24 and it allows semi-continuous (every 12-15 heartbeats) BP measurements by applying pressure over the radial artery of the non-dominant hand. The arm was supported by a sling to minimize movement artefacts. Cardiac output (CO), pre-ejection period (PEP; indicates b-adrenergic inotropic drive to the left ventricle of the heart and is an indirect index of cardiac sympathetic activation 25 ) and heart rate (HR)
were measured with impedance cardiography (NICO100C; Santa Barbara, CA, USA) and electrocardiogram (ECG100C, Santa Barbara, CA, USA) according to methodological guidelines provided by Sherwood et al. 26 All PEP values were corrected for respective HR value. High-frequency HR variability (HF HRV; indicates vagal influence to the heart and is an indirect index of parasympathetic activity 27 ) was determined according to current guidelines. 27 In brief, we identified R peaks from the stationary data period thus forming the R-R time series and HR time series. To calculate the frequency domain measures the time series were de-trended and resampled at 5 Hz. The power density spectra of HRV was then computed using a fast Fourier transform algorithm and Hanning window function, and a HF band (0.15-0.5 Hz) was defined based on the HR spectra.
Total peripheral resistance (TPR) was calculated as (mean arterial pressure/CO) Â 80 and expressed as dynes s cm -5 . With this pattern of autonomic parameters, we were able to analyze underlying vascular (TPR) and cardiac (CO) mechanisms for BP, as well as peripheral sympathetic (PEP) and parasympathetic (HR) activity, which relate to both BP and HR.
BP device and all the equipment was attached by an experienced research nurse, who was the same for each of the children and was trained for this methodology before the start of the experiments. The monitor was calibrated at the beginning of the experiment and calibrated again at the factory at the half way of the experiment. We also verified the measurement readings with an automatic sphygmomanometer (Omron HEM-773-E, Omron Inc., Kyoto, Japan) in the beginning of the experiment for each child. All signals were subsequently fed through electrode leads into a Biopac MP150 system (Santa Barbara, CA, USA) using a general purpose amplifier module (DA100). The signals were digitally sampled at 1000 Hz and calibrated according to the manufacturer's instructions. The equipment was placed on a trolley, which was placed next to the child throughout the experiment. The data were recorded with Biopac AcqKnowledge 3.8.1 software and data reduction was performed using WinCPRS 1.160 software (Absolute Aliens, Turku, Finland).
Owing to the yearly updates of the Vasotrac, the device had to be sent to the factory and during this time no BP measurements were taken from 18 children. Owing to a malfunction of Vasotrac, BP data from 17 children had to be disregarded, leaving a total of 253 children with complete BP data for analyses. Owing to an electrocardiogram and ICG cable malfunction in the middle of the experiment, HR and HRV HF data were obtained from 275 children, 263 children had valid PEP data, 262 had valid CO data, and because TPR requires complete data from the Vasotrac, electrocardiogram and ICG, 241 had valid TPR data for analyses.
Data reduction
As mental stress measures are more reproducible when responses to individual tasks are aggregated, 28 we averaged all readings from the 5-min baseline, 10-min task and 5-min post-stress period. Besides these activity levels, we calculated increments from the averaged baseline value for both the task and to post-stress period to obtain response to and recovery from mental stress for BP, HR, PEP and HRV HF values. Given that absolute change scores for impedance-derived volume measures contain several inaccuracies, 26 response and recovery scores for CO and TPR were determined by dividing the task and recovery by the respective baseline value according to current guidelines. 26 Therefore, we had one value for baseline, task, post-mental stress, mental stress response to and mental stress recovery for each physiological measure for each child.
Statistical analyses
Skewed distributions were first log transformed. Paired t-tests were used to analyze all within-subject relationships. Between-subject comparisons were calculated with regression analyses. Covariates, which were simultaneously included in the regression models, included the child's age, current body mass index (BMI) and height, mother's occupational status, smoking, alcohol consumption and licorice use during pregnancy. Owing to recent concerns regarding over-interpretation of current body sizeadjusted relationships among perinatal variables, 29 all analyses were also conducted without current BMI and height as covariates. Owing to consistent sex differences in studies of size at birth and CV response to mental stress, 5, 6, 18, 30 we ran all the analyses separately for boys and girls. Table 1 presents the characteristics of the sample according to sex. No Finnish reference values for BMI were available. According to British reference curves for BMI, 31 the mean BMI in our study corresponded to 0.1 s.d. in girls, and to 0.2 s.d. in boys. Girls had lower TPR, shorter PEP, higher CO and a marginally higher HR at baseline than boys. Girls also had lower HR response to TSST-C and lower CO and HR recovery scores from TSST-C.
Results
Girls and boys had a significant BP response to TSST-C (Po0.001); this, as well as changes in HR, PEP, TPR and HF HRV from baseline to the TSST-C, were statistically significant (all P-values o0.01) ( Table 1) . CO did not significantly increase from baseline during the TSST-C (P ¼ 0.1), suggesting that the rise in TPR is a more prominent mechanism behind the BP response. During the recovery period, BP remained significantly (Po0.01) higher than during the baseline period and again all the other indices, except CO (P ¼ 0.3), showed statistically significant changes from baseline (all P-values o0.01).
Body size at birth and BP Table 2 shows that a lower birth weight s.d. score was associated with a lower baseline SBP and DBP among girls and with a higher SBP and DBP among boys (P-values for interaction 'birth weight s.d. Â sex' were for baseline SBP ¼ 0.04 and for baseline DBP ¼ 0.05). However, the association among boys became statistically significant only after adjusting for current body size. For illustrative purposes, Table 3 shows how birth weight s.d. score Size at birth and CV response to and recovery from mental stress K Feldt et al among boys had an additive inverse effect on higher baseline SBP in spite of its' positive association with current weight. The results remained unchanged if current height or BMI, rather than weight, served as a measure of body size (data not shown). Further analysis of body proportions at birth showed that, among girls, a 1 s.d. lower birth length s.d. score was related to a 2.7 mm Hg (95% confidence interval (CI), 0.7 to 4.6; P ¼ 0.008) lower baseline SBP and to a 2.2 mm Hg (95% CI, 0.7 to 3.6; P ¼ 0.004) lower baseline DBP, whereas no association was observed between the ponderal index and baseline BP (P-values40.7). Among boys, no significant associations between the birth length s.d. score and baseline SBP/DBP were found (both P-values40.4), whereas a 1 kg m -3 lower ponderal index was associated with a 1.0 mm Hg higher (95% CI, 0.0 to 1.9; P ¼ 0.05) baseline SBP. P-values for interaction 'birth length s.d. Â sex' was 0.04 and 0.03 for baseline SBP and DBP, respectively, and for interaction 'ponderal index Â sex', the P-value was 0.2 for baseline SBP.
Next, we analyzed the association between size at birth and BP response to mental stress. The relationships were again different in girls and boys (Table 2) .
A lower birth weight s.d. score was related to higher SBP and DBP response to mental stress among girls, but to lower SBP and DBP response to mental stress among boys (P-values for interaction 'birth weight s.d. Â sex' ¼ 0.002 and 0.004 for SBP and DBP response, respectively). These relationships were linear and graded ( Figure 1 ) and slightly attenuated after adjustment for height and BMI.
Analyses of body proportions have shown that, among girls, a 1 s.d. lower length at birth was related to increases of 1.7 mm Hg (95% CI, 0.1 to 3.3; P ¼ 0.04) and 1.0 mm Hg (95% CI, À0.1 to 2.2; P ¼ 0.06) in SBP and DBP response to mental stress, respectively, whereas ponderal index at birth was not associated with BP response (P-values40.5). Among boys, no significant associations between the birth length s.d. score and SBP/DBP response were found (P-values40.8), whereas a 1 kg m -3 decline in ponderal index was associated with a 1.1 mm Hg decrease in SBP response (95% CI, 0.4 to 1.8; P ¼ 0.002) and a 0.7 mm Hg decrease in DBP response (95% CI 0.2 to 1.1; P ¼ 0.008), respectively. P-values for interaction 'birth length s.d. Â sex' were 0.04 for SBP response and 0.02 for DBP response. For interaction 'ponderal index Â sex', P-values were 0.007 for SBP response and 0.03 for DBP response. The relationships between birth length s.d. scores and ponderal index on response to mental stress remained similar whether or not current height or BMI was controlled for (data not shown). Table 2 also shows that a lower birth weight s.d. score was related to slower DBP recovery from stress (marked by a higher recovery score) among girls, but to faster BP recovery from stress among boys (P-values for interaction 'birth weight s.d. Â sex' o0.001 for SBP/DBP recovery). Among girls, a 1 s.d. lower length at birth s.d. score was also related Figures in parentheses are numbers of subjects.
Size at birth and CV response to and recovery from mental stress K Feldt et al to a 1.3 mm Hg (95% CI, 0.3 to 2.4; P ¼ 0.01) lower DBP recovery score, whereas ponderal index in girls had no significant effect (P-values40.6 for SBP/DBP recovery). Again, among boys length at birth had no effect (P-values40.1), whereas a 1 kg m -3 decline in ponderal index was associated with 0.8 mm Hg (95% CI, 0.2 to 1.4; P ¼ 0.01) and 0.5 mm Hg (95% CI, 0.0 to 0.9; P ¼ 0.05) lower SBP and DBP recovery scores, respectively. (P-values o0.05 for interactions 'birth length s.d. Â sex' and 'ponderal index Â sex'). The effect on BP recovery remained similar whether or not current height or BMI was controlled for (data not shown for length at birth and ponderal index).
As expected, all BP response and recovery parameters were inversely associated with the baseline BP level (all P-valueso0.05, data not shown). However, when the analyses were controlled for the baseline value, the associations remained similar.
Body size at birth, CO and TPR We then assessed whether body size at birth is associated with CO and TPR, the key determinants of BP. Birth weight s.d. score was associated with neither the CO values among either girls or boys, nor with TPR among girls, whereas among boys, a 1 s.d. lower birth weight was related to an 87.7 dynes s cm À5 (95% CI, 3.2 to 172.2; P ¼ 0.04) higher baseline TPR and to 4.1 % (95% CI, 0 to 8.1; P ¼ 0.03) lower TPR response to mental stress (P-value ¼ 0.06 and 0.06 for interaction 'birth weight s.d. Â sex' for both baseline TPR and TPR response, respectively). The baseline TPR result in boys became statistically significant only after controlling for current height or BMI, whereas the association with TPR response was unaffected by current body size. The result on response to mental stress remained similar also when further controlling for the baseline TPR value. Among boys, a 1 kg m -3 lower ponderal index was associated with 2.0% (95% CI, 0.0 to 3.9; P ¼ 0.03) lower TPR response (P40.9 in girls) (P-value for interaction 'ponderal index Â sex' ¼ 0.05). No other significant associations with TPR and CO were found.
Association of body size at birth with cardiac sympathetic and parasympathetic activity Table 4 shows the association between the birth weight s.d. score and cardiac sympathetic activity (PEP). Among girls, a lower birth weight s.d. score was associated with higher cardiac sympathetic activity during baseline, task and recovery periods (shorter PEP), whereas among boys lower birth weight s.d. score was associated significantly with lower cardiac sympathetic activity (longer PEP) during baseline, task and recovery periods (P-values for interaction 'birth weight s.d. Â sex' ¼ 0.006, Size at birth and CV response to and recovery from mental stress K Feldt et al 0.0002 and 0.001 for cardiac sympathetic activity baseline, task and recovery periods, respectively). However, the association among boys became significant only after adjusting for current body size. Table 5 illustrates how low birth weight s.d. score had an additive effect on cardiac sympathetic activity (longer PEP) baseline level, in spite of its positive association with current weight. We also examined whether birth weight s.d. score would be associated with parasympathetic activity (HF HRV) or HR, but found no significant associations (all P-values40.08). When further controlling for the diagnosis of the child's asthma or diabetes, the mother's age, the time of the day during the TSST-C or the success rate during the TSST-C, all the results remained essentially the same. Finally, the results also remained the same after removal of all those children whose mothers were diagnosed with gestational hypertension without proteinuria (n ¼ 7), preeclampsia (n ¼ 2) or gestational diabetes mellitus (n ¼ 8) during pregnancy.
Discussion
Our results have shown that conditions during prenatal life, as reflected in body size at birth, predicted BP and cardiac sympathetic activity in 8-year-old children before, during and after mental stress. The effects were different in girls and in boys. In girls born lighter or shorter, BP was lower at baseline, the increase in response to mental stress was higher and the recovery from mental stress was slower than in those born at normal weight or length. In addition, girls with lower birth weights were under high cardiac sympathetic activity during baseline, stress and recovery periods. By contrast, boys born lighter had a higher baseline BP and generally lower cardiac sympathetic activity in response to and/or after mental stress, but only after adjusting for current body size. Independently of current body size, these boys had lower TPR response to mental stress and a more rapid recovery of both BP and cardiac sympathetic activity. Our results suggest that the pathways to variations in CV response to mental stress may have prenatal origins, manifest already in childhood and differ by sex. It is noteworthy that such sex differences occur before puberty, when circulating sex steroid concentrations are minimal.
We found that lower birth weight in girls was associated with higher SBP and DBP response to and slower DBP recovery from mental stress. These results were independent of baseline SBP/DBP levels, both of which were lower in these girls. This finding is in agreement with previous reports, which found that the association between smaller body size at birth and high BP reactivity is stronger in, if not limited to, women. 5, 6 In addition, our finding of higher cardiac sympathetic activity (shorter PEP) during mental stress in low birth weight girls is was found also by Jones et al. 18 in a sample of 72 girls aged 7-9 years. Our results, thus, add to the existing literature by showing that girls with low birth weight or short length at birth may also be characterized by an inability of BP to recover quickly and to return to baseline after the stressor has ended.
Our results in boys were mixed and varied depending on whether current body size was adjusted for or not. We found that boys with lower birth weight had higher baseline BP, but observed no association between body size at birth and BP response to mental stress. In accordance with a recent study of a similar age group, 32 we noticed that the negative association between birth weight and baseline BP was significant only after adjusting for current body size. Furthermore, the highest baseline BP was observed in boys with low weight at birth, but put on weight rapidly by 8 years of age. In spite Size at birth and CV response to and recovery from mental stress K Feldt et al of the high baseline SBP, boys with low birth weight had lower current size-adjusted cardiac sympathetic activity throughout the experiment. This result is consistent with a recent animal study showing that a maternal low-protein diet is associated with reduced b-adrenergic activity in the male rat offspring. 33 The author of that paper proposed that increased catecholaminergic activity observed in prenatally malnourished male rats might elicit an adaptive response by decreasing cardiac b-adrenergic expression as a means of maintaining proper cardiac function. This would explain our results with low birth weight boys who, concurrently with an elevated BP, showed decreased cardiac sympathetic activity at baseline. Low cardiac sympathetic activity may also be the reason why boys, in contrast to girls, showed no association between birth weight and BP responses.
Our additional results of lower TPR response to and faster BP recovery from mental stress in low birth weight boys add to the complex nature of prenatal influences on CV activity during mental stress in men. 5, 6, 18 In a recent study, Jones et al.
18
found that the level of both BP and TPR 10 min after stress (TSST-C) was inversely associated with birth weight among 68 boys aged 7 to 9 years. We found no indication that body size at birth would be linked to absolute CV levels during or after stress either in boys or girls. However, we did observe body size at birth predicted how reactive CV system was and how quickly it returned back to baseline after stress; both reactions are in turn significant predictors of CV disease. 9, 34 It is also noteworthy that in the study of Jones et al., 18 the recovery phase began earlier after stress, the BP level was higher, and there was more sympathetic activity and less vascular activity during the recovery phase than in our study.
A recent study suggested that lower birth weight is associated with the increased parasympathetic withdrawal in adult women. 35 We could not confirm this finding in children, so our findings should be interpreted with caution. In speech tasks HF HRV is less efficient, a marker of autonomic function than in non-speech tasks. 36 In addition, responses to psychological stress in children are thought mainly to reflect changes in vascular resistance, and chronotropic or inotropic influences in the heart are lower than in adults. 18, 37 One limitation in our study is that we had to rely on indirect measures of CV activity. However, all of these measures are well-validated against gold standards and represent close estimations. 24, 25 In addition, the relationship between size at birth and CV activity during and after stress may be mediated by the cognitive appraisal of stress. Furthermore, the birth weight s.d. score is only a summary measure for all the adaptations the fetus makes throughout pregnancy to reach its growth potential and reveals little regarding the actual environmental influences. Therefore, determining the underlying causes of the reported associations warrants further study. In addition, beat-to-beat BP measurement in an acute stress experiment would allow us much more careful inspection to CV dynamics, 38 namely variability, delayed response rate and a comprehensive area under the curve measurement. Finally, the results for CO and TPR should in future be verified with measures of ultrasound, which is more accurate than thoracic impedance technique.
Our finding of the profound sex differences is in accordance with those of studies in both prepubertal children and in adults. 5, 6, 18 It is also well documented that there are substantial sex differences in BP dynamics and their control mechanisms., 39 Acute effects of sex steroids could have a role underlying these differences: for example, animal studies have shown that oestrogen and testosterone have opposing effects on later BP only when nutritional deprivation has occurred during fetal period. 40, 41 However, our subjects were prepubertal and this suggests other mechanisms than direct effects of sex steroids produced by the gonads. Concentrations of adrenal androgens are generally higher in girls than in boys at this age 42, 43 and are inversely associated with birth weight, 43 which could in part underlie our findings. We are unable to confirm this, however, because our study did not include a blood sample.
In conclusion, we found among 283 children aged 8 years that body size at birth is associated with CV and autonomic activity before, during and after mental stress. Girls born smaller showed higher BP response to mental stress and prolonged elevation of BP coupled with higher cardiac sympathetic activity, each of which may lead to increased CV disease risk. In boys born smaller, there may be an adaptive response of b-adrenergic downregulation to a high baseline BP. These results suggest that the intrauterine programming of BP and sympathetic activity may contribute to the link between fetal growth and CV disease.
What is known about this topic K Smaller body size at birth is linked to adult cardiovascular disease. 1, 3, 44 K At least in women, a smaller body size at birth is associated with heightened cardiovascular response to mental stress, a predictor of cardiovascular disease risk. 5, 6 What this study adds K Girls with low birth weight, besides having high BP response to mental stress, exhibit prolonged elevation of BP 20 min after the stress has ended. This phenomenon is coupled with heightened cardiac sympathetic activity. K In contrast to girls, boys with low birth weight exhibit generally low cardiac sympathetic activity, which we speculate is due in part to an adaptation response to high baseline BP. K This study suggests that individual variation in cardiovascular response to mental stress may have prenatal origins. This phenomenon is manifest already during childhood and may operate in a sex-specific manner.
